blood flow, which frequently leads to collapse of the distal ICA. 20 Carotid artery occlusion has been shown to result from 2 main pathological mechanisms: intraluminal thrombus associated with a disrupted plaque hemorrhage and embolic material being strangulated at the stenotic portion. 1 However, few groups have investigated the precise pathological mechanisms of pseudo-occlusion.
We retrospectively reviewed data obtained in 17 patients with pseudo-occlusion and in 23 with high-grade stenosis (NASCET stenosis criteria ≥ 90%, but no collapsed distal ICA), who underwent CEA. The authors examined data pertaining to clinical presentation, atherosclerotic risk factors, angiographic findings, and histology of plaques obtained from CEA. On the basis of the clinicopathological results, we also investigated the pathogenesis of pseudo-occlusion and its clinical implications.
Methods

Study Population
We retrospectively reviewed data obtained in 345 consecutive patients who underwent CEA between January 2001 and December 2007. The indication for CEA was based on recommendations of the Asymptomatic Carotid Atherosclerosis Study/Asymptomatic Carotid Surgery Trial for asymptomatic patients and the NASCET for symptomatic patients. All patients underwent conventional carotid artery ultrasonography and cerebral angiography. The pseudo-occlusions were identified by an experienced neuroimaging expert (K.Y.). Of the 345 patients, 17 satisfied the diagnostic criteria for pseudo-occlusion of the ICA, based on the report of Fox et al. 2 Namely, on cerebral angiography, pseudo-occlusion of the ICA was defined according to the following criteria: 1) severe ICA stenosis with a collapsed distal ICA, 2) back filling of the ipsilateral carotid siphon via the ophthalmic artery in the early arterial phase, and 3) delayed antegrade flow of the patent ICA in the late arterial phase (Fig. 1) . In addition, a pseudo-occlusion was distinguished from total occlusion of the ICA by conventional and transoral carotid artery ultrasonography, as previously reported. 5 Perioperative management followed a protocol stipulated by Kyusyu Medical Center. 4 Of all patients who underwent a cerebral angiography 2 weeks after surgery, 16 of 17 patients with a pseudo-occlusion were successfully treated, and we observed satisfactory dilation of the ICA. 16 In one case we noted occlusion of the ICA. The mean age of patients with ICA pseudo-occlusion was 70.5 ± 7.56 years, and 2 (11.8%) of the patients were women. For comparison with pseudo-occlusion, we selected 23 age-and sexmatched patients who suffered from high-grade stenosis of the ICA. The mean age and NASCET percentage in patients with high-grade stenosis were 70.6 ± 7.80 years and 92.5% ± 2.55%, respectively. Demographic data, including the presence of risk factors for atherosclerosis, neurological symptoms, and clinical outcomes, were derived from hospital records. This study was performed in compliance with protocols stipulated by the Fukuoka University Faculty of Medicine, Human Research Subject Committee, and Kyushu Medical Center Research Committee.
Atherosclerotic Plaque Dissection and Processing
The plaques were dissected from the bifurcation of the internal and external carotid arteries with endarterectomy and fixed in 10% buffered formalin. Plaque specimens were transversely dissected into 3-mm-thick segments. Microscopic sections (3 µm) were cut from the paraffin-embedded tissue segments and stained with H & E, elastica van Gieson, and Masson-trichrome for light microscopic examination.
Immunohistochemistry
The tissue sections were deparaffinized and subjected to indirect immunohistochemical staining. Endogenous peroxidase activity was blocked with methanol and H 2 O 2 , and the sections were then incubated in 1% skim milk to prevent nonspecific reactions. The sections were incubated overnight at 4°C with various primary antibodies, including CD68 (DAKO; 1:100 dilution), CD34 (DAKO; 1:100 dilution), and a-smooth muscle actin (DAKO; 1:100 dilution). Sections incubated with CD68 were predigested with 0.05% pronase for 10 minutes at room temperature, and sections incubated with CD34 and a-smooth muscle actin were pretreated at 95°C for 10 minutes in a microwave. After washing 3 times with phosphate-buffered saline, all slides were subjected to the EnVision system (DAKO) and visualized by incubation with a 3,3ʹ-diaminobenzidine solution containing 0.03% H 2 O 2 . Counterstaining was performed using Mayer hematoxylin. Control tests for immunostaining specificity included the substitution of nonimmune sera or phosphate-buffered saline for the primary antibodies.
Plaque Analysis
We observed the histological sections from all segments under a light microscope. To characterize the atherosclerotic plaques, the plaque lesion with the maximum degree of stenosis was subjected to histological and immunohistochemical evaluations. We evaluated the patency of the original lumen using the microscopic sections taken from all 3-mm atherosclerotic segments. The plaques were analyzed by the method reported by Verhoeven et al. 24 with minor modifications. Briefly, macrophage infiltration (CD68 staining), smooth muscle cell content (a-smooth muscle cell staining), and fibrosis and calcification (H & E and Masson-trichrome staining) were analyzed semiquantitatively and scored as "none or minor," "moderate," or "heavy" staining. In particular, none or minor was defined as absent or minimal staining with few clustered cells, whereas moderate and heavy were defined as large areas of positive staining. Intraplaque hemorrhage, plaque rupture, and fresh luminal thrombi were recorded as absent or present. Old organized thrombi were reported as absent, nonocclusive, or occlusive. The percentage of atheromatous core of the total area of the plaque was visually estimated on H & E-stained photomicrographs. According to overall presentation, the plaques were categorized into 3 phenotypes: fibrous with an atheromatous core of less than 25%, fibroatheromatous with a core of 25%-75%, and atheromatous with a core exceeding 75%. In addition, quantitative measurements were performed to determine the extent of fibrosis and atheroma volume (Masson-trichrome staining). Images of plaque cross-sections were recorded onto a computer workstation using a microscope equipped with a digital camera. As shown in Fig. 2 , the area of fibrosis and atheromatous core was measured with a microanalyzer program (Version 1.1, Japan Poladigital Co.) as a percentage of total plaque area. Plaque analysis was performed by 2 pathologists (Y.H. and N.S.) who were blinded to the patients' clinical information. The mean of numerical values obtained from both pathologists was used for morphometric analysis. Both pathologists independently performed semiquantitative analysis. Discrepancies were rare in the semiquantitative data between pathologists.
Statistical Analysis
Numerical data are expressed as mean ± SD. Statistical analysis was conducted using the Fisher exact probability test, Welch t-test, or Mann-Whitney U-test, with significance defined as p < 0.05.
Results
Comparison of Clinical Characteristics Between the High-Grade Stenosis and Pseudo-Occlusion Groups
The clinical features of the current study are summarized in Table 1 . The prevalence of atherosclerotic risk factors did not differ between the pseudo-occlusion and high-grade stenosis groups except for hypertension, which was significantly more prevalent in the pseudoocclusion group (94.1%) than in the high-grade stenosis group (56.5%) (p = 0.008). There was no difference in the presence of peripheral arterial disease or ischemic heart disease between the groups. Although clinical presentation was similar, intergroup collateral flow patterns were significantly different (p = 0.047). Whereas an ACoAPCoA pattern developed more frequently in the pseudoocclusion group (41.2%) than in the high-grade stenosis group (13.0%), a leptomeningeal flow pattern was more frequently seen in the high-grade stenosis group (52.2%) than in the pseudo-occlusion group (17.6%). The interval between the latest ischemic event and surgery in symptomatic patients showed no difference between the highgrade stenosis (2.00 ± 1.32 months) and pseudo-occlusion (2.15 ± 1.57 months) groups (p = 0.777). 
Histopathological Findings
Histopathological features of the plaques were compared in the high-grade stenosis and pseudo-occlusion groups (Table 2) . Plaques in the high-grade stenosis group exhibited a significantly more atheromatous phenotype (p = 0.004) and greater extent of macrophage infiltration (p < 0.001) than those in the pseudo-occlusion group ( Fig.  3A and B) . Morphometric analysis showed that the percentage area of the atheromatous cores was significantly greater in the high-grade stenosis group (57.5% ± 17%) than in the pseudo-occlusion group (28.8% ± 30%) (p < 0.002). In contrast, plaques in the pseudo-occlusion group were significantly more fibrous than those in the other group (p < 0.0001). The percentage area of fibrosis was significantly greater in pseudo-occlusion plaques (26.5% ± 9.5%) than in high-grade stenosis plaques (16.4% ± 7.0%) (p < 0.001). The frequency of intraplaque hemorrhage was greater in high-grade stenosis plaques than in pseudo-occlusion plaques (p = 0.008), whereas that of old organized thrombi was higher in the latter than in the former (p < 0.001). The incidence of plaque rupture was high in both the high-grade stenosis (73.9%) and pseudo-occlusion (64.7%) groups. There was no difference in fresh luminal thrombus, calcification, or smooth muscle cell content. Table 3 shows histological features of each group, subdivided by clinical presentation (symptomatic [transient ischemic attack/brain infarction] vs asymptomatic). Similarly, fibrous plaques were observed more frequently in symptomatic and asymptomatic patients with pseudoocclusion than in symptomatic and asymptomatic patients with high-grade stenosis, respectively (p = 0.008 and p = 0.031, respectively). The plaques obtained in symptomatic patients with pseudo-occlusion showed more extensive fibrosis and less infiltration of macrophages than those obtained in symptomatic patients with high-grade stenosis (p < 0.0001 and p = 0.001, respectively). However, no statistical differences in the extent of fibrosis and macrophage infiltration were observed between these 2 groups (p = 0.066 and p = 0.704, respectively).
As shown in Fig. 3C -F, plaques obtained in patients with pseudo-occlusions demonstrated 2 different histological features-the presence or absence of the original lumen. Plaques of the pseudo-occlusion with total occlusion and recanalization (8 patients) were composed of thrombotic total occlusion with lumen recanalization by large neovascular channels, while those of the pseudo-occlusion with severe stenosis (9 cases) were fibrous or fibro- atheromatous with severe stenosis of the original lumen. When the pseudo-occlusion group was categorized into 2 subtypes (with total occlusion and recanalization and with severe stenosis), differences in atheromatous core, fibrosis, and old organized thrombi were clearly seen (Table 2). All plaques in the total occlusion and recanalization subgroup exhibited total occlusion by old organized thrombi with neovascular channels and fibrosis, whereas old organized thrombi were nonocclusive in plaques of the high-grade stenosis and the pseudo-occlusion with severe stenosis groups. The overall plaque phenotype differed between the pseudo-occlusion group with total occlusion and recanalization and high-grade stenosis group (p = 0.001) but not between the pseudo-occlusion/severe stenosis and the high-grade stenosis groups (p = 0.149). The percentage area of atheromatous core was significantly less in plaques of the total occlusion and recanalization group (19.8% ± 31%) than in those of the high-grade ste- nosis group (57.5% ± 17%) (p = 0.011), but not between plaques of the pseudo-occlusion/severe stenosis and highgrade stenosis groups (p = 0.068). However, semiquantitative and quantitative analyses, respectively, showed that the extent of fibrosis was significantly greater in plaques of the pseudo-occlusion/severe stenosis group (p = 0.01 and p = 0.023, respectively) ( Fig. 3C and D) and the total occlusion and recanalization group (p < 0.0001 and p = 0.013, respectively) ( Fig. 3E and F) in comparison with those of the high-grade stenosis group. No difference was found between plaques of the pseudo-occlusion/severe stenosis and total occlusion and recanalization groups (p = 0.148 and p = 0.291, respectively).
Comparison of Clinical Characteristics Among Groups With High-Grade Stenosis, Pseudo-Occlusion/Severe Stenosis, and Pseudo-Occlusion With Total Occlusion and Recanalization
When the pseudo-occlusion group was categorized into 2 subtypes (with total occlusion and recanalization and with severe stenosis groups), differences in clinical presentation and collateral flow patterns were clearly observed ( Table 1 ). The incidence of transient ischemic attack was significantly higher in patients with pseudo-occlusions with total occlusion and recanalization (75.0%) than in patients with high-grade stenosis (26.1%) and pseudo-occlusion/severe stenosis (11.1%) (p = 0.046 and p = 0.027, respectively). The patients with pseudo-occlusion with total occlusion and recanalization had a significantly higher incidence of the ACoA-PCoA collateral flow pattern (75.0%) than patients with high-grade stenosis (13.0%) or pseudo-occlusion/severe stenosis (11.1%) (p = 0.010 and p = 0.041, respectively). In contrast, clinical presentation and collateral flow pattern did not differ between patients with high-grade stenosis and those with pseudo-occlusion/severe stenosis.
Discussion
The main findings of this study are as follows: 1) patients with pseudo-occlusion have more fibrous and fewer atheromatous plaques than patients with high-grade stenosis; 2) plaques obtained in patients with pseudo-occlusion exhibit 2 different histological features (the presence or absence of the original lumen); and 3) clinical presentation and collateral flow patterns in patients with pseudo-occlusion depend on 2 different histological plaque features.
It is now widely accepted that primary carotid artery stenotic lesions are caused by advanced atherosclerosis. 10, 23 The progression of atherosclerosis is a summation of sequential repetitive events resulting in plaque destabilization and subsequent plaque stabilization. The rupture of unstable plaques, characterized as having a large lipid core, thin fibrous cap, and infiltration of inflammatory cells, causes thrombotic events and is followed by plaque stabilization, including reorganization and fibrosis, over time. 17 In our study, plaque rupture, intraplaque hemorrhage, and fresh luminal thrombi were detected in approximately 50% or more of the plaques in both the high-grade stenosis and pseudo-occlusion groups, which was consistent with other reports. 10.23 However, the plaque phenotype did differ between the 2 groups. Namely, macrophage infiltration and atheromatous core size were greater in plaques of the high-grade stenosis group than in those of the pseudo-occlusion group. On the other hand, plaques of the pseudo-occlusion groups showed more severe fibrosis, less macrophage infiltration, and smaller atheromatous cores than those of the highgrade stenosis groups. Old occlusive organized thrombi were more frequently found in plaques of the pseudo-occlusion group. In addition, the elapsed time between the latest clinical event and surgery was not different between symptomatic patients in either group. These findings suggest that the plaques in patients with pseudo-occlusion may be involved in thrombotic events, including plaque rupture, erosion, and hemorrhage, earlier than those in patients with high-grade stenosis. This might also explain the collapse of the ICA in patients with pseudo-occlusion, because the reorganization of the thrombotic lesion may coincide with constrictive remodeling. However, we cannot exclude the possibility of age-related changes in plaque composition and thrombotic occlusion, because the dating and duration of occlusion remains obscure in this study.
To the best of our knowledge, the present study demonstrated for the first time that plaques obtained in patients with pseudo-occlusion had 2 different histological features-the presence or absence of the original lumen. Plaques of the pseudo-occlusion/total occlusion/recanalization group were composed of thrombotic total occlusion and lumen recanalization by large neovascular channels, whereas plaques of the pseudo-occlusion/severe stenosis group were fibrous or fibroatheromatous with severe stenosis of the original lumen. Several authors have pointed out the importance of intraplaque hemorrhage and ruptureassociated intraluminal thrombosis in the development of complete carotid artery occlusion. 23 The acute pathological features of advanced atheromatous occlusive lesions of the ICA have been shown not only to have disrupted intraplaque hemorrhages with some connection to the arterial lumen and various-sized luminal thrombi but also to have expanded intraplaque hemorrhages without plaque disruption or luminal extension. 1 Thus, the presence of plaques in patients with pseudo-occlusion/total occlusion/recanalization might be an end-stage sign of thrombotic ICA occlusion associated with a disrupted plaque hemorrhage in pseudo-occlusion patients. On the other hand, the presence of plaques of pseudo-occlusion/severe stenosis might be formed by subintimal hemorrhages without luminal extension or plaque disruption without occlusive thrombi in pseudo-occlusion patients.
Pseudo-occlusion of the ICA is defined as an atheromatous plaque with an extremely narrow residual lumen and a collapsed distal portion induced by hypoperfusion. 20 Pseudo-occlusion exhibits an angiographically occluded, but anatomically patent, lumen of the ICA. Various clinicopathological features may occur depending on the degree of stenosis and the size, site, and composition of the plaques. 1,18.21 In the current study, although the atheroma component was not different between plaques of the high-grade stenosis and pseudo-occlusion with severe stenosis groups, the latter showed a significant increase in fibrosis compared with the former. The patent original lumen of ICA was evident in both the high-grade stenosis and pseudo-occlusion with severe stenosis groups. Thus, the angiographic appearance of ICA occlusion may be caused not only by the severity of residual lumen stenosis but also by differences in plaque composition. Alternatively, changes in plaque composition from predominantly atheromatous to fibrotic may play a role in the reduction of blood flow and collapse of the distal ICA.
It has been recognized that the histological characteristics of plaques are related to the clinical presentations of atherosclerotic coronary and carotid arterial diseases. 18, 21 Plaques in symptomatic patients are more vulnerable than those in asymptomatic patients. 18 In the present study, we observed no differences in the extent of fibrosis and macrophage infiltration between asymptomatic pseudo-occlusion and high-grade stenosis patients. In contrast, the plaques obtained in symptomatic pseudoocclusion patients showed significantly increased fibrosis and decreased macrophage infiltration compared with those in symptomatic high-grade stenosis patients. Thus, an increased prevalence of transient ischemic attack and stroke in patients with pseudo-occlusion may be caused not only by plaque vulnerability but also by another factor such as collateral flow.
The development of collateral flow depends on individual morphological and hemodynamic factors. Previous studies have demonstrated that the degree of ICA obstruction influences the development of collateral flow through the circle of Willis. 6, 8 The present study showed that the ACoA-PCoA pattern of collateral flow was significantly more prevalent in the pseudo-occlusion with total occlusion and recanalization group than in the highgrade stenosis group (p = 0.01) or the pseudo-occlusion with severe stenosis group (p = 0.041). On the other hand, no difference was found between the high-grade stenosis and pseudo-occlusion with severe stenosis groups (p = 0.12). These results suggest that the histological patency of the original lumen of the ICA may be one of the factors responsible for the development of collateral flow through the circle of Willis in the patients with pseudo-occlusion in whom angiography demonstrates an ICA occlusion.
Our study has several limitations. First, we examined CEA samples and evaluated the plaque histology of only the segment with the most severe stenosis in the culprit lesions (except for the patency of the original lumen) as opposed to the whole length of the arterial walls of the ICA. However, Ogata et al. 14 reported in an autopsy series that fatal carotid artery occlusion usually follows rupture of an atherosclerotic plaque when stenosis of the luminal diameter is marked. Second, this study did not include the performance of repeated carotid angiography. We did not obtain an angiographically documented record of the development of recanalization and collateral flow after the thrombotic occlusion of the ICA. Finally, our findings are based on a small group of patients. We note that plaque composition in the high-grade stenosis group (data not shown) was similar to that reported in a previous paper. 7 However, our data need to be confirmed in larger histological studies of carotid plaques from other populations.
Conclusions
In summary, patients with pseudo-occlusion had more fibrous sclerotic plaques than those with high-grade stenosis, and such plaques had smaller atheromatous cores, lower numbers of macrophages, and stronger fibrosis. This may be one of the key local determinants causing the reduction of blood flow and collapse of the distal ICA in patients with pseudo-occlusion. In addition, pseudo-occlusion plaques had 2 different pathological types: thrombotic occlusion with recanalization and severe stenosis with dense fibrosis. This difference in plaque histology may be related to clinical features of pseudo-occlusion, such as symptoms and collateral flow patterns.
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